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1 Introduction 



D-branes have been playing a central role in string theory for a number of years. They can 
be considered as soliton solutions of open string field theory. For example, in bosonic open 
string field theory, Sen conjectured that Dp-branes with p < 25 are described as unstable 
lump solutions P and this was tested in many papers starting with [2][3][1]. What we would 
like to study in this paper is how one can realize D-branes in closed string field theory. 

The closed string field theory that we consider here is the OSp invariant string field the- 
ory [5] for bosonic strings. (See also [6] [7] [8] [9].) The OSp invariant string field theory is a 
covariantized version of the light-cone gauge string field theory [lO] [11] [12j . It is constructed 
so that the S-matrix elements of the light-cone theory are reproduced by using this formula- 
tion. However an extra time variable exists in the formulation, and the action of this theory 
looks different from that of the usual field theory. Therefore, the OSp invariant string field 
theory should be considered as something like stochastic or Parisi-Sourlas type formulation 
of field theory [13][l5- In our previous work [15], treating the theory in such a manner, we 
constructed BRST invariant observables in the OSp invariant string field theory, from which 
one can calculate the S-matrix elements of string theory. 

In [15], only on-shell asymptotic states are considered and the observables are BRST 
invariant up to the nonlinear terms. In order to construct off-shell BRST invariant states, 
we should take the nonlinear terms into account. What we would like to do in this paper 
is to construct such states using boundary states for D-branes. We consider states which 
act as source terms in the string field theory and have the effect of generating boundaries in 
the worldsheet. Imposing the condition that the states are BRST invariant in the leading 
order of regularization parameter e, we can fix the form of the states. These states can be 
considered as states in which there exist solitons corresponding to D-branes and ghost D- 
branes [16] . We can construct states with an arbitrary number of such solitons. We calculate 
the disk amplitudes using these states and show that the disk amplitudes of bosonic string 
theory in the presence of D-branes and ghost D-branes are reproduced. 

In [T7] , solitonic states corresponding to even number of D-branes or ghost D-branes were 
constructed by using the similarity between the string field theory for noncritical strings [18] 
and the OSp invariant string field theory. Although our construction in this paper is essen- 
tially the same as that in [17], we get different results because of several reasons. Firstly, 
in [T7], we considered the solitonic operators in analogy to noncritical string theory |19j|2Uj 
and postulated the form of the vacuum amplitude using this analogy. We checked that the 
vacuum amplitude coincide with that for even number of D-branes in string theory. However, 
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the vacuum amplitude is a constant which may be changed at will by changing the defini- 
tion. In this paper, we rather calculate the disk amplitudes, which can be defined without 
such ambiguities. We show that the treatment of the sohtonic states in \17\ corresponds 
to considering even number of solitons. Secondly, in [T7j, we defined the creation and the 
annihilation operators corresponding to normalized boundary states and performed calcu- 
lations using these operators, which made the calculations rather indirect. In this paper, 
we do not introduce the artificial "normalized boundary states", and calculate the BRST 
transformation of the solitonic states directly. We find that a factor of 2 was overlooked in 
the calculations of p7]. 

The organization of this paper is as follows. In section [21 we construct solitonic states 
in the OSp invariant string field theory. Imposing the condition that the states are BRST 
invariant in the leading order of regularization parameter e, we can fix the form of the 
states. In section [31 we calculate disk amplitudes using our solitonic states and show that 
disk amplitudes in the presence of D-branes and ghost D-branes are reproduced including the 
normalizations. Thus we identify the solitons with D-branes and ghost D-branes. Section [H 
is devoted to discussions. In appendix[Sl we summarize the formulation of the OSp invariant 
string field theory. In appendices [B] and [Cl we present the details of calculations needed to 
show the BRST invariance of the solitonic states. 



2 BRST Invariant Solitonic States 

In this paper, the notations for the variables of the OSp invariant string field theory are the 
same as those used in pTSj, otherwise stated. Those are summarized in appendix [XI 

Let us consider a Dp-brane (or a ghost Dp-brane) that extends in the (/i = 26, 1, . . . ,p) 
directions and is located at X* = (i = p + 1, . . . , 25)|l. We denote these directions by X^^ 
(/i G N) and X* (z G D), respectively. 

In the OSp invariant string field theory, the boundary state \Bq) corresponding to the 
Dp-brane can be constructed as follows [17J. The matter fields X'^(r, a), X*(r, cr) and the 
ghost fields C{t, a), C{t, a) satisfy the following boundary conditions at r = 0, 

drX^{0,a)\Bo) = , X\0,a)\Bo) = , C(0,(t)|5o) = C{0,a)\Bo) = . (2.1) 



^ In this paper, we consider a flat noncompact space-time. We do not need any infrared regularization in 
the calculations here, in contrast to those in |17j . 
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It follows that the state \Bc) is expressed in terms of the oscillation modes as 



\Bo) = exp 



oo _ 

^ n 



NM 



n=l 



I0)(27r)^+^C'(P) 



:2.2) 



where S^^{p) denotes the delta function of the momentum in the directions along the Dp- 
brane defined as S^^{p) = H/iGN^l^'M)' D^m denotes 



c c 



(5, 



D 



NM 



D 



NM 



\ 



\ 



i 
-i 



with /X, z/ e N , i, J e D 



:2.3) 



Since the norm of the boundary state \Bq) diverges, we need to regularize it. In order to 
do so, we introduce 

|So)^ = e-R(^°+-^°-')|So) (2.4) 

for T > 0, and consider |-Bo)^ with < e <^ 1 as a regularized version of \Bo). Notice that 
the operator e~1«T^^°"^^°~^^ commutes with the BRST operator Qb- 



2.1 States with one soliton 

Using the regularized boundary state \BoY, let us construct a state in the following form in 
the Hilbert space of the OSp invariant string field theory, 

\D))^X J dCOniOm , (2.5) 



where 

Od{C) = exp 



dr l{Bo\^)r + F{C) 

-oo 



(2.6) 



Here A and a are constants, F{() is a function of ( and the limits of the zero-mode integration 
dr in the exponent of Od{C) denotes the integration region of the string length a^. Since the 
integration is over — oo < a,. < 0, only the creation operators contribute to Od{C)- Assuming 
that the integration over is convergent with ReC > sufficiently large, we define Od{C) 
by analytic continuation. 

Expanding the exponential in terms of the string field, it is easy to see that the state 
\D)) has the effect of generating boundaries in the worldsheet, with a weight which depends 
on a and F{(). Let us impose the condition that the state \D)) is BRST invariant in the 
leading order of e. As we will see, we can determine a and F{Q from this condition. 
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BRST transformation 



In order to evaluate 6b\D)), we should calculate the BRST transformation of the operator 
in the exponent of Od{C)- 



By using 







f 


dr \ 


1 — oo 










r d^"" 




Jo 



-(as 



as 



dld2{Vs{l,2,3m,\<^)2\Bo)l . (2.7) 



Qb -iBoY 



a 







one can recast the first term on the right hand side of eg. (12.71) into 



dr^:.{Bo\Qi^mr = c 

Or 



dr 



ttr 



:2.8) 



:2.9) 



Let us here introduce shorthand notations 

fO 



0(C) 

xiO 



dr 







.{Bo\<l>)r 



dr 



ar 



in terms of which eq. (l2.6p can be expressed as 

(5^(C) = exp(a0(C) + F(C)) , 

and eq. (l2.9p can be written as 



dr ■ 



ar 



Bo\Q'B^\^)r = Cx{0 . 



(2.10) 



(2.11) 



(2.12) 



Notice that and x ^i-re made only from the creation modes and commute with each other. 

For the second term on the right hand side of eq. fl2.7p . we decompose |$) into the creation 
and annihilation parts as |$) = {ip) + and obtain 

g I d3^- I 6/1^2(^3(1, 2, 3)|$)i|$)2|5o)| 
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"3 

oo 



d3 



-C"3 



as 



dl 



+ 
+ 



dl 



dl 



d2{V3il,2,3m^\^h\Bo)l 
' d2{Vs{l,2,3m,\ij)2\Bo)l 
d2{Vsil,2,3M,\^P)2\Bo)l 



(2.13) 



It follows from the relation (V3(l, 2, 3)| = {Vs{2, 1, 3)| that the first and the second terms on 
the right hand side of this equation are equal to each other. 

In this form, it is straightforward to calculate the BRST transformation of \D)). Using 
the commutation relation flA.22p . we have 



5b\D)) = A / exp (a0(C) + F(C)) 



dl I d2 I d3 

-oo Jo Jo "2a3 

^-0 

+ ga I dl I d2 



(y3(l,2,3)|^)i|i?o)2|5o)I 



d3- 

"3 



{V,il,2,3M^\^P)2\Bo)l 



m ■ (2.14) 



-OO J —CO 

This tells us that in order to evaluate the BRST transformation of the state \D)) we need to 
obtain 

(2.15) 



(^(1,2);T|^ j d'3 {Vsil,2,3)\Bo)l 



and 



(Vi(3);r| = / d'ld'2{V3{l,2,3)\Bo)i\Bo) 



(2.16) 



for T = e. Here aia2 > in both cases. The integration measure d'r is defined in eq.( ]A.6p . 
These vertices respectively correspond to the string diagrams depicted in FigsH] and O 





Figure 1: The string diagram correspond- 
ing to the vertex (V2(l, 2); T|. 



Figure 2: The string diagram correspond- 
ing to the vertex (1^1(3); T|. 



By using these vertices, eq.f l2.14p can be rewritten as 
6b\D)) = \ ! rfCexp(a0(C)+F(C)) 



Ofl2 rco poo pO 

<x{C) + -r dai da2 d3e'^''^Vi{3y, ^ 
4 Jq Jq 



+ 



ga 











dl I d2 I da3e^("^+"^)(\/2(l,2);e|7/;)i|7^)2 
00 J —00 J 



m . (2.17) 



In appendices [B] and [01 these vertices are computed in the leading order of e. The results 
are 



where 



(^2(1, 2); e| 
(V^i(3);e| 

Co 



25{ai + a2 + as) x C2 x \{Bo\ 1{B^\ ( — vrj'^ + — vrj'^ ) V12 , (2.18) 



2i 



-25(«i + «2 + «3) X Ci X ^(Sol— vrS^'^Pg , 

as 



1 



(167r)''2 e^(— lne)''2 



Ci 



(47r3 



(2.19) 



(2.20) 



(27r)25 e2(-lne)^ ' 

These are the idempotency equations ^21j satisfied by the boundary states in the OSp in- 
variant string field theory. Substituting these into eg. (12 .171) . we obtain 

6b\D)) = X [dC kx(C) + ga'C.daiO + 2gaC2xiOdim] e'^^^^^^^^^) |0)) . (2.21) 



Here we have used the following identity 



00 POO 



dh / dhe-^^'^-^^'^fih + ^2) 
Jo 



/(Ci) - /(C2) 

C1-C2 



where 



/(C) = / dle'<^f{l) . 
Now, in order to make \D)) BRST invariant, we choose F{() to be of the form 

F{c) = be ■ 

Then the right hand side of eg. (12.211) becomes 



xj dCd^ 

provided the constants a, b satisfy 

a 



L^x(C)exp(a0(C) + 6aJ |0)) 



(2.22) 



(2.23) 



(2.24) 



(2.25) 



2gaQ 



2 . 



26 " ' ' 26 
These eguations have the solutions (a, 6) = ±{A,B), where 



(2.26) 



A 



{2n 



13 



(87r2)^0F 



B 



(27r)i3e2(-lne 

16 {^y-^v^g 



(2.27) 
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Therefore, by choosing (a, &) as ±{A,B) and taking the integration contour for ( appropri- 
ately, we can obtain a state BRST invariant in the leading order of e. Let us define 



with 



(5z5±(C)=exp 



(27r 



,13 



p+i 



e-'-.,„ , (27r)iV(-lne)'^ . 



pC"r 

rfr l.{Bo\tlj)r± 



OLr 



P+1 



(2.28) 



(2.29) 



16 (f) ^ v^^/ 

These states are considered as states in which one D-brane or one ghost D-brane is 
excited. We will show that |-D±)) generate the worldsheets with boundaries with the right 
weight and disk amplitudes are reproduced. In this paper, we take (7 > 0. In this convention, 
as we will see later, |-D+)) corresponds to the D-brane and |-D-)) corresponds to the ghost 
D-brane. 

One comment is in order. Here and in the following, we construct BRST invariant ket 
vectors in the second quantized Hilbert space. It is obvious that the hermitian conjugates of 
these ket vectors are also BRST invariant. Therefore the states ((-D±| are BRST invariant. 



2.2 States with N solitons 

We can construct BRST invariant states with solitons in a similar way. Let us consider a 
state in the following form 

N 

|D^+)) = A^+ / n^O(5z,,+ (Ci,---,Civ)|0)) , (2.30) 



where 



CD^+(Ci,---,Civ) =exp 



4 = 1 



N 



^(/l0(O) + i?C-)+i^iv(Ci,---,Civ) 



i=l 



5b|-D7v+) 



A 



N 



exp 



i=l 



TV 



5^(A0(O) + 5C-)+i^Tv(Ci,---,Civ) 



i=l 



N 



(2.31) 



Here the coefficients A and B are given in eq.f l2.27p . and the function -F/v(Ci, ■ ■ ■ , Ca^) is to 
be determined. 

It is now straightforward to evaluate the BRST variation of this state: 



^Cx(O) + gA^C,^c,m^) + 1gAC^x{Q^c^M^ 



xiCi) - xiCj) 

C^ - C, 



|o)). 



(2.32) 
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Using eg. (12.261) . one can easily deduce that the right hand side of eq. (l2.32p can be recast 
into the form 



A 



N+ 



N N 

i=i j=i 



A 
W 



N 



xiQ exp <^ Yl (^'^(0) + BCi) + F^iCi, ■■■Xn] 



2=1 



|0)), (2.33) 



provided Fn{(i, ■ ■ ■ , (n) satisfies 



dc^F^{c,,...,(N) = Yl 



0-0 



Thus we get 



and 



i^iv(Ci,---,C7v) =25^1n(0-C 



3 J ' 



(2.34) 



(2.35) 



i>j 



\Dn+)) = Xn+ / n ^0 (Ci, ■■■Xn) exp 

Here A^r is the Vandermonde determinant. 
Notice that the integration measure 



N 



1=1 



(2.36) 



N 



HdQAl (Ci,---,C7v) 



(2.37) 



i=l 



coincides with that of the matrix models. This is natural if we regard ( as the constant 
mode of tachyon on the D-brane. Since a can be considered as the length of the string, ( 
may be identified with a constant tachyon mode on the boundary [17J. When there exist 
D-branes, the tachyon field becomes a matrix and we should consider d as its eigenvalues. 
Therefore we here encounter a matrix model of constant tachyons. 

\Dn+)) can be considered as a state with N D-branes. We can also construct a state with 
N D-branes and M ghost D-branes as 



N M 



\D 



N+,M' 



X 



N+,M- 



2=1 1=1 i>j i>j i,J 

(N M \ / N M \ 

i=l 1=1 J \i=l 1=1 J 



\-2 



|0)) (2.3^ 



This time the integration measure is that of the supermatrix model. 
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Before closing this section, one comment is in order. It is possible to express the state 
\Dn+,m~)) as 



\Dn-,,m-)) oc (1 dCVoAO^ (1 <Vz,_(C')) |0)) . 
Here Vd± (C) are of the form 

where Oo^iC) are the operators given in eg. (12. 29 p and Od^{Q are defined as 



± / dr 



with \v) satisfying 



1 d!rMB,rr = -\ 



(2.39) 



(2.40) 



(2.41) 



(2.42) 



Vd±(C) look like vertex operators and may be considered as creation operators of D-branes 
and ghost D-branes. \v) can be any state as long as it satisfies eg. (12.421) . For example, \v) 
can be taken to be proportional to I-Bq)*^ as in |17j . 



3 Disk Amplitudes 

Now that we have BRST invariant observables made from the boundary states, we would 
like to calculate the scattering amplitudes involving these operators and show that the am- 
plitudes involving D-branes are reproduced. In particular, we would like to calculate the 
disk amplitudes in this paper. 



3.1 Three-point S-matrix elements 

Before going into the calculation of the disk amphtudes, it is instructive to recall how usual 
three-point S-matrix elements can be calculated in the OSj) invariant string field theory [15] . 
Actually the calculation of the disk amplitudes goes in the same way as that for the three- 
point amplitudes. We also write down the space-time low energy effective action of the OS-p 
invariant string field theory, which will be used to check the normalization and the sign of 
the amplitudes involving D-branes. 

The S-matrix elements can be deduced from the correlation functions of the BRST in- 
variant observables of the form |I5] 

0{t,k) = j dr^r[c,c{0\^x{prim3.Tr,k\^mt))r , (3.1) 
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where c,c{^\ x (primary; k\ denote the BPZ conjugates of the Fock vacuum lO)^ ,^ in the 
(C, C) sector and a Virasoro primary state [primary; k)x in the sector (yU = 1, • • • , 26) 
of the Hilbert space for the worldsheet theory, respectively. Here is the momentum 
eigenvalue of the state [primary; k)x- 



[primary; A;)x = |primary)x(27r) 6 {p — k) , 

X (primary; I = (27r)^^5^^(p + /c) x(pi'iniary| . (3.2) 



I primary) X denotes the non-zero mode part of | primary; k)x, and we normalize it as 



X 



(primary|primary)x = 1 • (3-3) 



The mass M of the particle corresponding to the operator 0{t, k) can be read off from the 
relation 

(^Lo + Zo - 2) Iprimary; k)x ® \0)c,c = {k^ + S^vtoTTo + M^) |primary; k)x ® \0)c,c ■ (3-4) 

Since we consider correlation functions, the primary states introduced here are off-shell 
in general, i.e. A;^ + 7^ 0. For later use, we introduce the on-shell primary states 
Iprimary; k)x = |primary; k)x\|.2_^_M2=o , where k denotes the spatial 25-momentum. 

By using the canonical commutation relation flA.22p . the lowest order contribution of the 
three-point correlation function for the observables Or(tr, K) {r = 1, 2, 3) (ti > ^2 > ^3) with 
mass Mr is evaluated as 



Oiih,k,)02{t2,k2)Os{t3,k: 



x«*n(/gpe*r'*r') 

3 

V,%1, 2, 3)1 n e-^'l^(^^+*^^'-^^^'^°^'^«^0 (Iprimary,; K)x ® |0)c,c), 



.(3.5) 



(3) — (3) 

We can readily integrate over a3,7rQ , vtq \pi and p2, using the delta functions. In order 
to obtain the S-matrix elements, we need to look for the on-shell poles for the external 
momenta. The singular behavior at k"^ + M| = comes from the region 0:2 ~ in the 
integration over ^2 IIS]. Therefore we should consider the limit 0:2 —> in the three-string 
vertex {V^{1,2,3)\. In this limit, the complicated expression (13.51) involving three Hilbert 
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spaces for strings 1, 2 and 3 can be simply described in terms of the vertex operator as 
follows: 

Ol{h,ki)02{t2,k2)03{t3,h) 



xe — 1 V 3 3 oy y ——^(priniaryi; fci|V2(k2)|primary3 



where V2(k2) denotes the vertex operator corresponding to the primary state Iprimaryg; k2)x 
on the mass-shell associated with the observable After the integration over tt^^^ and tTq^-*, 
eq.( 13.6p becomes 



/■OO poo / N / N 

-4g) / dT' / dT" e-'""' e-'^"i'"+^'") 
Jo Jo 

d^'^p 



x(primaryi; A;i|V2(k2)|primary3; /ca)^ 



(27r)26 

n ( f + MV y (2^^^^^™^^^!' ki|V2(k2)|primary3; ka)^ • (3.7) 



ti-T 



Here we have changed the integration variables from T and ai to T' and T", where T' = -^^^ 
and T" = -3^- Carrying out the Wick rotation to make the space-time signature Lorentzian, 
we can see that the lowest order contribution to the S-matrix element for this process is 

f d^^p 

S = 4ig J ^^;^x(primaryi;ki|V2(k2)|primary3;k3)x . (3.8) 

In following subsections, we will discuss the normalization and the sign of the disk ampli- 
tudes. In doing so, we need the space-time low energy effective action for the tachyon T{x) 
and the graviton h^i^{x). Let us calculate the S-matrix elements for processes involving only 
tachyons and gravitons. The primary states corresponding to these particles are 

, . ( \0)xi2n)^'S^%P~K) for the tachyon 

primary^: kr)x = { > (<J.y) 

' r/x I e,,^,(A;,)a^ia^i|0)x(27r)26526(p_^^) for the graviton ^ ^ 

where \0)x denotes the Fock vacuum for the X'^ sector and Cr^^uikr) denotes the polarization 
of the asymptotic graviton state with momentum kr^^. The polarization er^^v{kr) satisfies 
the following relations: 

^r,fj.u ^r,u^ ; ^r,^v ; kr^r,fj.u , (ir,fiu ^ " (3.10) 
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The vertex operators appearing in eq. fl3.6p are 

V,(k,) = ge''='--''^"(0)g (3.11) 

for the tachyon and 



(K) "^{p' + J2<] [P'^ + J2<] e^'^-^'''^"^ ° (3.12) 



for the graviton. In these equations, § § denotes the normal ordering of the oscillators and 
in the arguments of the operators indicates the origin (r, a) = (0, 0) of the worldsheet. 

Plugging eqs. (13.91) . (13.111) and (I3.12p into eq. (13.81) . we obtain three-point S-matrix ele- 
ments for tachyons and gravitons: 

Sttt = 4^^7(27r)V(fci + fc2 + A;3) , 

Shhh = t9ei,^.e2,apes,-ysT>^''^T''^'i27r)V{h + k2 + h) , (3.13) 
where the subscripts T and h denote the tachyon and the graviton respectively and 

= r/'^°A;72 + r7"^A;2^3 + r/^'^fc3"i + ^A;^3A;3-A;72. (3.14) 

Eq. (l3.13p coincide with the results in the light-cone gauge string field theory. 

We can reproduce the results obtained in eq. (l3.13p from the following space-time effective 
action for the metric G^y{x) and the tachyon field T(a;), 

-fhigher derivative terms , (3.15) 
by expanding the metric G^^{x) around the flat metric rjfj^u as 

Gf,u{x) = 7]^y + 2Kh^^{x) . (3.16) 
We find that the gravitational coupling constant k is related to the string coupling g as 

K = 2g. (3.17) 
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3.2 Disk amplitudes 

Now let us turn to the disk amplitudes. We evaluate the disk amplitude with two external 
closed string tachyons in the presence of one soliton, as an example. We show that our results 
coincide with those for a (ghost) D-brane in string theory. Using these disk amplitudes, we 
determine which of the states \D±)) corresponds to the D-brane. 

Since |-D±)) is a BRST invariant state, we may be able to calculate the amplitudes 
involving D-branes by starting from the correlation function 

{{0\TOi{h)---ON{tN)\D±)) . (3.18) 

Indeed, from \D±)) we get insertions of the boundary states and the worldsheets with bound- 
aries are generated. However, because the formulation of the theory is similar to the light- 
cone field theory, we cannot generate the worldsheets without any external line insertions 
by considering 

{{Om) ■ (3.19) 

Such vacuum amplitudes are constants. Especially the cylinder amplitudes are constants 
which do not depend even on the coupling constant g. Therefore they can be considered to 
be included in the definition of the unknown constant A±. If we replace the bra ((0| by {{D±\ 
in eq. fl3.19p . we get worldsheets without any external line insertions. This is calculated in 
|17 ]. But the result is a constant and cannot be distinguished from A±. 

In order to normalize the correlation function (13.181) . we divide it by the vacuum ampli- 
tude as in the usual field theory, and consider 

Oi(ti) ■ • • ON{tr,)))^^ p^-^^ . (3.20) 

Therefore, starting from this normalized correlation function, we can calculate the amplitudes 
in the usual way. 

Now let us calculate correlation functions for two closed string tachyons in the presence 
of the soliton, to obtain the S-matrix elements. The correlation function to be calculated is 

Here is the observable corresponding to the tachyon state, and ti > f2- The lowest order 
contributions to this correlation function give the propagator and tadpole for the tachyon. 
The 0{g) term is what we should look at. 
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In perturbation theory, |-D±)) can be recast into a more tractable form as follows. In the 
integrand fl2.29p of the integration (12.281) . the factor 



exp 



(27r)iV(-lne)~ 
16 {^Y~^V^g 



(3.22) 



becomes the most dominant perturbatively. Therefore, we carry out the saddle point ap- 
proximation to obtain 



|/^±)) ^ A'±exp 
where A'^ is given as 



(277) 



^7r2) 



JtT J -oo 



(3.23) 



16(f)-- T^^g ^ 
\ (27r)i3e2(_ine)^ ^' 



(3.24) 



Notice that for |-D+)) the exponent of the Gaussian factor (13.221) has the wrong sign, which 
makes the factor in front of A+ in eq. (13.241) pure imaginary. This is a sign of instability. 
Then the 0{g) term can be given as 



G 



TTD± 



(fcl, h) 

dT\{ 



s=l 



°° da. 



+ 



dT - 



t2 



° dai 
2 



n 

s=2 



da. 



,13 



±4ig{2'K 
(87r2)^V7r 



n 



r'=l 



(271-. 



,26 '""0 "-"0 



(^3°(1,2,3)| 



n 



r=l 



• \T-tr\ ( 2 I n • {'■)-{'■) r, \ 



;Iz!3 /'rf^) , f(3). 



1^0)3 (3.25) 



where ts (< ti,)f:2) is the proper time of the solitonic state. In what follows, we will show 
that this correctly provides the contribution of the disk attached to the (ghost) D-brane cor- 
responding to our solitonic states |-D±)). The worldsheet diagram of this process is depicted 
in Fig. [3]^a). 

Eq. (13.251) is quite similar to eq. (13. 5p and can be calculated in the same way. Looking for 
the singular behavior at A;| — 2 = 0, we can get 



GTTD±{ki, 

1 ±4i^(27r)i3 /"^i 



(A;2-2) (8^2) 4 



dT 



2ai 



ai 
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Figure 3: (a) The worldsheet diagram of the two-tachyon disk amphtudes. (b) 
The worldsheet diagram that contributes to the pole of intermediate closed string 
states. 



X 



±4ig{27T 



X 



,13 /"oo 



(/ci-2)(8vr2)^^ Jo 

""J (27r)26 
1 1 ±Aig{2ny^ 



Jo 



kf — 2 kl — 2 (^Sir'^yt ^ 
d^^'p 



X 



(2vr) 



26 



{2-Kf''b''\p\kx)x^^\ o°e''^2-"^70) 



— « 



■|i?o) 



(3.26) 



where and are the zero-modes of the Virasoro generators and |-Bo)x is the boundary 
state in the sector, respectively: 



/iGN,D n=l 



l^o) 



exp 



00 ^ 
5Z 5^ 



^t,!^eN,D n=l 



/iGN,D n=l 

|0)x(27r)^+^5^+\p) . 



(3.27) 
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Carrying out the Wick rotation, we find that the S-matrix element for this process is 

(3.28) 

where the momenta fc^./^ {r = 1, 2) are subject to the on-shell condition for the tachyon: 
= 2. It is clear that the amplitude is proportional to the usual disk amplitude. 

It is straightforward to generalize the above calculations for other closed string states, 
just by replacing the state and the vertex operator. Also it is quite obvious that we can 
reproduce the disk amplitudes with more than two external lines. In order to consider the 
situation in which there are more than one solitons, we should replace \D±)) by \Dn+^m-))- 
The leading order contribution in perturbation theory is from Q = = in eq. fl2.38p and 
we obtain the S-matrix element as Sttd+ in eq. fl3.28l) multiplied by — M. 

We can also replace the bra ((0| in eq. fl3.2ip by the solitonic states. By doing so, we 
introduce more solitons and it is easy to see that the disk amplitudes are multiplied by the 
total number of D-branes minus that of ghost D-branes. Therefore, it is now clear that we 
considered situations with even number of solitons in [T7], by taking the bra and the ket to 
be hermitian conjugate to each other. In this paper, considering that the vacuum amplitudes 
are included in the definitions of A±, we can realize more general situations. 



3.3 D-brane and ghost D-brane states 



Let us check if the disk amplitude fl3.28l) has the correct normalization. At the on-shell pole 
of an intermediate closed string state | primary; k)x, it is factorized as 



TTD± 



(2vr; 



26 



4ig 



(27r)26 



(27r)26526(p' + ki)x{0\ ge^^2.M^''(o) s |primary; k)x 



—I 



k'^ + M'^ 



WT 



26 



X 



(primary; -fc|5o)x 



, (3.29) 



where M denotes the mass of the state. Since the D-brane can be considered as a source of 
closed string states, the low energy effective action should have source terms at = (i G D) 
due to the presence of solitons. From eq. fl3.29p . we can read off the source terms as 



(27r 



,13 



d'^^x I \ 0{x' 



T(x)-2 + 



(3.30) 



where the ellipsis denotes the contribution from the states other than the tachyon T(x) and 
the graviton h^y{x). This can be compared with the DBI action for a flat Dp-brane located 
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at = (ie D): 



Sp = -Tp [ S'^x W 5{x') . I- det G^,ix) , (3.31) 

J f-^^ V ^''^"^ 

where Tp is the Dp-brane tension in bosonic string theory defined as [2^ [23^ 



^P = f^(8^)~- (3-32) 



X 



Using eq. fl3.16p we can expand Sp in terms of h^^{x), and obtain the source term for h 
which coincides with that in S'^ in eq.f l3.30p . Therefore the disk amphtude Sttd+ coincides 
with that for a D-brane and Sttd^ coincides with that for a ghost D-brane. 

Hence we should identify |-D+)) with the state with one D-brane and |-D-)) with the state 
with one ghost D-brane. This identification is quite consistent. D-branes in bosonic string 
theory are unstable due to the lack of the RR-charge and the soliton corresponding to the 
state I-D+)) is also unstable, as was mentioned below eq. (13.241) . 



4 Discussion 



In this paper, we construct solitonic states corresponding to D-branes and ghost D-branes 
and check that the disk amplitudes coincide with the usual string theory results. These 
solitonic states are BRST invariant in the leading order of e. Since the BRST variation 
in eq. (12.251) is of order e~^(— lne)~~, higher order corrections do not go to in the limit 
e ^ 0. For p ^ —1, the correction terms are of order e^^(— lne)~^i " (n > 0) and for 
p = —1, the next leading term is of order e". It might be possible to prove that by modifying 
the exponent of Od±{C) as 

exp [±y40(C) ± B(^^ + (terms higher order in e)] , (4.1) 

it becomes BRST invariant. As is clear from the calculation of the disk amplitudes, the 
higher order terms do not contribute to the amplitudes in the limit e — ^> 0. Of course, we 
need to examine the form of the BRST transformation to show that this actually happens. 
We do not try doing so, because here we are dealing with bosonic strings and we are destined 
to have insurmountable divergences any way. Hopefully, we may be able to show the BRST 
invariance more completely in the superstring case. 

The calculation of the disk amplitudes goes in the same way as that in the usual ampli- 
tudes. Open string external lines may be introduced by deforming the boundary state by 

^ In this paper, we use the units in which a' = 2. 
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the marginal operators corresponding to the open string vertex operators. It is an intriguing 
problem to examine if the higher order open string amplitudes are reproduced correctly. 
Another problem is to calculate the open string amplitudes without closed string insertions. 

The variables ( in the definition of the solitonic states can be regarded as constant 
tachyon. They are conjugate to the a in the OSp invariant string field theory. Therefore 
somehow a part of the open string modes is incorporated in the formulation of the closed 
string field theory. It may be possible to generalize this to other modes of open strings. 
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A OSp Invariant String Field Theory 



In this appendix, we summarize the formulation of the OSp invariant string field theory, 
veiriables 

The coordinate variables on the worldsheet in the OSp invariant string field theory are the 
OSp{2Q\2) vector = (X^, C, C) , where = 1, . . . , 26) are Grassmann even and the 

ghost fields C and C are Grassmann odd. The metric of the 05*^(2612) vector space is 



Vmn — 







c c 




/ 










c 




-i 


c 


\ 


i 



(A.l) 



where we have taken the Euclidean signature for the physical space-time. are Fourier 
expanded in the usual way and we obtain the non-zero oscillation modes 



(A.2) 



and the zero modes 



They satisfy the canonical commutation relations 



(A.3) 



[x^,p^} = iry^^ , K,a^}^ nri^^5^^^,o , K , < } = nri^^5^^^,o (A.4) 

for n,m ^ 0, where the graded commutator [A, 5} denotes the anti-commutator when A 
and B are both fermionic operators and the commutator otherwise. 

We define the Fock vacuum |0) in the usual way and take the momentum representation 
for the wave functions for the zero modes. The integration measure for the zero-modes of 
the r-th string is defined as 



2 (27r)26 



(A.5) 
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It is convenient to define the measure d'r for Pr,'n'o \'^o^ as 

,/ d'^'^Pr • ,-(r) , (r) 

action 

The action of the OSp invariant string field theory takes the form 

'.d 4^)+Lf-2 



S^Jdt \j dld2{R{l,2m, U^- 



1$) 



+ ^ / d\d2dZ (l-3°(l,2,3)|$)i|$)2|*)3 



3 

Here (i?(l,2)| is the refiector given as 

(i?(l,2)|=5(l,2) 12(01 e^(i'2) - , 

where 

12(0| = l(0|2(0| , 
?i=l 

(5(1,2) = 25(ai + a2)(27r)2^526(pi+P2)^(4'^+7rf )(4'^+7rf ) 
2, 3)1 is the three-string vertex given as 

(\/3°(l,2,3)| ^ (5(1,2,3) i23(0|e^(^'2'3)Pi23^^^^^^ , 



where 



123(0| = l(0|2(0|3(0| , 

5(1,2,3) = 25(x:a,)(2.)-5-(x:p.).(E-r)(E-s'0' 

s=l r=l r'=l s'=l 

£;(1,2,3) = Y^K^K'''^l'''^^'l'''^'^''')r^NM. 



2 

n,m>0 r,s=l 



/ 3 ^ \ 3 

//(1, 2, 3) = exp -fo^— , To = ^Qirlnloir 
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Here A^^^ denote the Neumann coefficients associated with the joining-sphtting type of three- 
string interaction [ID] [11] [12] . g is the couphng constant for strings. In this paper, we take 
g>Q. 

The string field $ is taken to be Grassmann even and subject to the level matching 
condition P$ = $ and the reality condition 

($hc| = ($1 . (A. 12) 

Here ($hc| = d"^))^ denotes the hermitian conjugate of |$), and ($| denotes the BPZ 
conjugate of |$) defined as 

2($| = j rfl(i?(l,2)|$)i . (A.13) 

We also define 

|i?(l,2))^5(l,2)-e^^(^-2)|0)i2, (A.14) 
tti 

j rfli(<l>|i?(l,2)) = |$)2. (A.15) 
BRST transformation 

The action (1A.7|) is invariant under the BRST transformation 

5b$ = gg$ + g<^*<^ . (A. 16) 

The BRST operator Qb is defined [21] [25] as 

C ~ d 

Qb = ^(Lo + Lo - 2) - mo — 



so that 



\ ^ ( ~ ^-nln ^ 1-nLn - -^-n7n | (A 17) 

a In n I 



n=l 



Here L„ and L„ {n G Z) are the Virasoro generators given by 

-^n = IT ^ ca^+rnOi^mVNM- , = 9 -Oi^+rnO^-mV N M ° , (A.18) 



2 / ^ — n-|-m — — m /i» 7 — " 2 



where the symbol § § denotes the normal ordering of the oscillators in which the non-negative 
modes should be placed to the right of the negative modes. 

The ^-product $ * of two arbitrary closed string fields ^ and \E' is given as 

|$*$)4 = j dld2d3 (V3(l,2,3)|$)J^)2|i?(3,4)) , (A.19) 
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where 

(1-3(1,2,3)1 = 5(1,2,3) i23(0|e^(^'^'^^C(p/)n23 '^^^'^'^^'' • (A.20) 
Pi denotes the interaction point. 

canonical quantization 



Since the action flA.7p and the formulation of the OSp invariant string field theory are quite 



similar to those of the light-cone gauge string field theory, we can perform the canonical 
quantization in an analogous way. We can decompose the string field as 

|$) = |^) + |^> , (A.21) 

where is the part with positive a and is the one with negative a. From the kinetic 
term of eq. flA.7p . we can see that they satisfy the canonical commutation relation 

OV').,!^),] = |i?(r,3)) . (A.22) 

From the hermiticity defined in eq.( lA.12]) . one can deduce that and are hermitian 
conjugate to {ip) and {ip), respectively. We identify with the annihilation mode and 
lip) with the creation mode. Accordingly we define the vacuum state |0)) in the second 
quantization as 

|^)|0)) = 0, ((0|(^| = 0. (A.23) 

B Overlap of Three-String Vertex with One Boundary 
State 

In this appendix, we evaluate the string vertex (V2(l, 2); T\ introduced in eq. (l2.15p for T = e. 
(V2(1,2);T| can be expressed as 

(^2(1, 2); r| = (^20(1, 2); T\C (p,) V^2 , (B.l) 

where 

(y,°(l,2);T| = / rf'35(l,2,3) uMe''^'''''Wj-^^^^^^ ■ (B.2) 
Here we present the calculations for the case ai, 02 < 0. 
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Mandelstam mapping 



The vertex {¥2(1, 2);T| is proportional to the one that is determined by the prescription of 
LeClair, Peskin and Preitschopf (LPP) [26j. We refer to the latter as the LPP vertex. As 
we will see, we can calculate it by using the Mandelstam mapping which maps the upper 
half plane to the worldsheet in FiglH 

Let us introduce a complex coordinate p on the worldsheet so that the string diagram in 
FiglDcan be identified with the region depicted in FiglHon the p-plane. Each portion of the 
p-plane corresponding to the r-th external string (r = 1, 2) is identified with the unit disk 
\wr\ < 1 of string r by the relation 



p = arCr + T + i(3r , 



/3r 



-a2-n - 
< 



(r) 



Here pi = T — i7ra2 is the interaction point on the p-plane and a^/^ is the value of the cXj. 
coordinate where the r-th string interacts. We set aj-^'' = it and af'^ = — vr. Therefore we 
have 

/3i = -(ai + a2)vr, /?2 = . (B.4) 



(B.3) 



-m(a] + a2) 
-3 — 



\T 

r 



LP 



-T 







iy 



Figure 4: The p-plane corresponding to the Figure 5: The upper half 2;-plane. 

string diagram depicted in FiglH 

The string diagram described by Fig{T] has one hole and two punctures at infinity cor- 
responding to the two external strings, strings 1 and 2. Since the topology of this diagram 
is a disk with two punctures, the p-plane (FigHj) can be mapped to the complex upper 
half 2;-plane (Figj5]) with two punctures. These two surfaces are related by the Mandelstam 
mapping 

p{z) = ailn- J- + a2ln^ =^ , (B.5) 

z — Zi z — Z2 
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where the point z = Zr {r = 1, 2) is the puncture corresponding to the origin of the unit 
disk \wr\ < 1 of string r. We can set Zi = iy and Z2 = i, where ?/ is a real parameter with 



< y < 1. The interaction point zj on the z-plane is determined by ^(zj) = 0. This yields 



{ai + a2y)y 



aiy + a2 

Here we have used ai, a2 < 0, < y < 1 and Imzj > 0. Eq. flB.6|) leads to 



zj - iy 


+ a2 In 


zj — i 




zi + iy 




zi + i 



T = Re p{zi) = «! In 

From this relation, we find that in the small T limit, T = e <^ 1, we have 

1 



y 



16aia2 

For later use, we consider the limit T — 00 as well. In this limit, y ~ 1. In fact. 



where 



T ~ fo - (ai + 02) ln2 + (ai + as) ln(l - y) + 0{1 - y) 
tq = ai In + 0:2 In \a2\ — (en + 02) In \ai + 0:2! . 



(B.6) 

(B.7) 
(B.8) 

(B.9) 
(B.IO) 



Neumann coefficients 



The real axis of the 2;-plane corresponds to the worldsheet boundary attached to |i?o)3- Be- 
cause of the boundary conditions (12. ip satisfied by the worldsheet variables = (X^, X\ C, C) 
on the boundary state |-Bo); the two-point functions of X^{z,z) on the 2;-plane become 



G^^^{z,z-z\z') = {X'\z,z)X''\z\z')) = -ri'''''\n\z- z'Y - D''''' \yi\z - z\ 

where D^^^ is the tensor introduced in eq. fl2.3p . 

The vertex (1^2*^(1, 2); T| introduced in eg. (IB. 21) takes the form 

2); T| = 25(ai + ^2 + a^){2TxY^^5^^^\vi + V2) /C2(l, 2; T) (^V(l' 2); T 



i\2 



(B.ll) 



(B.12) 



where (l2°Lpp(l, 2); T| is the LPP vertex, and the factor /C2(1,2;T) depends only on the 
zero-modes and the moduli. The LPP vertex has the structure 



(^Vp(1,2);T| 



12 



(0| exp 



00 ^ 

1,2 



_n,m=0 r,s=l,2 



(B.13) 
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for Wick's theorem to hold. The Neumann coefficients N^'^nm, N^'^nm and N^'^nm are deter- 
mined by requiring that the following equation should hold [26|, 

d'lrf'2(V5LPp(l,2);T|X^MK,«;,)X*^WK,«;;)|0)i2 

X n(2vr)^^5^^(p.')^vrr^4'"^ = «(^.,^-.;<,^-:), (B.14) 



r'=l,2 



where Zr and z'^ are the points on the z-plane corresponding to the points Wr and w'^ on the 
unit disks of strings r and s, respectively. 

Using eq. flB.i4p . one can show that the Neumann coefficients are given as 
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1 /■ dz e-"^'-^^) 
n J^^ 27ri z — Zs 

1 /• e-"^'-^^) 



n Jz^ 27ri z — 
\n{Zr - Zs) (r ^ s) 



ln(Z, - Zr) -Y, — {HZr - Zs) - ln(Z, - Z^)} 



s^r 
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(2)fr 
00 



ln{Zr — Zr) , 



(B.15) 



for n,m > 1. Here we have used the convention for the orientation of the z integration such 



dz 1 



that fo2.*.- - - 
/C2(l,2;r) 

The central charge of the worldsheet CFT of the OSp invariant string theory is 24 and not 
0. Therefore the Generalized Gluing and Resmoothing Theorem [27] does not hold in this 
case and thus /C2(l, 2; T) 7^ 1. Since the three-string vertex {V^{1, 2, 3)| is defined assuming 
that the p-plane is endowed with the metric 



ds"^ = dpdp 



(B.16) 
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the oscillator independent part /C2(1,2;T) is the partition function of the CFT on the p- 
plane (FigH]) with the metric given in eq. flB.16|) . As explained in [28], its dependence on 
«!, a2 and the moduli T can be determined through CFT technique by evaluating the 
Liouville action associated with the conformal mapping fIB.Sp between the p-plane and the 
upper half 2;-plane with small circles around z/, (r = 1, 2) and oo excised. Collecting the 
contributions from these holes, we obtain 



/C2(l,2;r) (X 



lim ( 



,dp{z) 



dz 



n 

r=l,2 



dWr 



dz 



(Zr) 



dz^' 



(B.17) 



Therefore we can see that /C2(l, 2; T) is expressed as 

'{aiy + a2)y {I - y'^f 



/C2(l,2;r) = /Co 



-2( J- + ^)r-2(^ + ^)lni±Ji 



(B.18) 



ciiCi2\ ai + a2y {aiy + a2)lQy'^ 
where /Co is a constant independent of ai, 0^2 and T. JCq can be determined by comparing 
the left and right hand sides of the equation 

d'ld'2d'3{V,%l,2,3)\Bo)l\0)i2 n {27r)''6'\pr)i4^4^ 



r=l,2 



j d'ld'2 26{ai + a2 + a^){27ry+'6^-^\p, + P2) /C2(l, 2; T) 



(B.19) 



r=l,2 



in the T 00 limit. One can readily evaluate the left hand side of the above equation 
because the non-zero oscillation modes do not contribute in this limit. Using eq. flB.9p . we 
find that /Cq = 



The effect of inserting C{pi) can be described as follows: 
(■t^2,LPp(l,2);T| = (y2V(l'2);T|C(p,) 

= (V^2'!lpp(1'2);T 



. (B.20) 



E E (^UHP^^Ti'-^ + Muhp^^tI^O 

n=0 r=l,2 

The coefficients M^j^p^ and M^^p^ can be determined by the LPP prescription, i.e. we 
require that 

rf'lrf'2(r2,LPp(l,2);T|CMK,^,)|0)i2 n WS'\Pr)^4^4^ 



r=l,2 



GuHp(-2/5 -2/; Zr) = i ln(z/ — Zr) + ln(z/ — Zr) — ln(2;/ — Zr) — \n{zi — Zr) . (B.21 
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This yields 



for n > 1 and 

^UHPo + ^UHPo = Hzi - Zr) + Hzj - Z^) - \n{zi - Zr) - \n{zj - Zr) . (B.23) 
(^2(1, 2); e| 

Collecting the results obtained in the above, we eventually get the vertex (V2(l, 2); T\. Now 
that we obtain the complete expression of the vertex (V2(1,2);T|, let us consider the T = 
e ^ limit. It is intuitively obvious that (V2°Lpp(l, 2); e| is proportional to a product of 
boundary states in this limit. It is straightforward to show that 

(27rriC'(Pi +P2)(^V(l'2);e| ~ ,^ i(i?o| UBo\ , (B.24) 

(lovr) 2 (— Ine) 2 

in the leading order. Therefore, in evaluating {¥2(1, 2); e| = (Vj(l, 2); e\C {pi) Vu , only the 
term proportional to ttq'^'' from C{pi) survives the level matching condition and we obtain 

(27rf+X^^(pi+P2)(V^2,LPp(l,2);e|Pi2 

iTT^— -iTri(^o| l{Bo\ (-4'^ + -vrf 1 Vu . (B.25) 



(167r) 2 (-Ine) 2 V"i "2 

Evaluating /C2(l, 2; e), we finally obtain 

(^2(1, 2); e| ~ 26{ai + a2 + a3) ^ ^ 

(Iott) 2 e^(— me) 2 



xl{Bo\ l{Bo\ { -7r« + -4^) ) Vu • (B.26) 



The case ai,a2 > can be treated in the same way and one can show that eq. flB.26P 
holds also in this case. 



C Overlap of Three- String Vertex with Two Boundary 
States 

In this appendix, we investigate the vertex (Vi(3); e| introduced in eq.f l2.16p . The calculation 
proceeds in the same way as the one above. We begin by expressing (Vi(3); T| as 

(Vl(3);T| = (y°(3);T|C(p,)P3, (C.l) 
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where 



(y°(3);T|= j d'ld'26{l,2,3) i23{0\e^'^'''''^\Bo)l\Bo) 
Here we present the calculations for the case ai, ^2 > 0. 



t IM1,2,3)P 



(C.2) 



Mandelstam mapping 

The complex p-plane indicating the string diagram Figl2] is described by Figj6l The region 
of the p-plane corresponding to the external string, string 3, is identified with the unit disk 
I "2^3 1 < 1 of this string through the relation 



P = ttsCs + T + i/^g , ^3 
C3(= r-s + ias) = lnw3 , 



(3) 

Oivr — a^cTj 



T3<0 



-TT < (73 < TT . 



(C.3) 



Here pi = T + mai (and pi) is the interaction point on the p-plane and af^ denotes the 
value of the coordinate of the interaction point of string 3. We set a^^^ = Trai/a^ so that 



(33 = 0. 



(C.4) 
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Figure 6: The p-plane corresponding to 
the string diagram depicted by Figj2j 




Figure 7: The rectangle on the 
plane. 



The topology of the string diagram Figj2] is an annulus with a puncture corresponding 
to string 3. Therefore the p-plane can be mapped to a rectangle with a puncture on the 
complex z/-plane (FigJTj). We take this rectangle to be the region defined by — | < Rez/ < 
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and — I < Im 1/ < 1. Here r (r G iM.) is the moduli parameter and the identification u = v+r 



should be made. These two surfaces are related by the Mandelstam mappingf 

p z/ = a In — — — , C.5 

- Vj,\t) 

where a = ai + 0^2 = —0:3 > 0, V3 = — ^ and ■(9j(z/|r) (i = 1, . . . , 4) are the theta functions. 
The point z/ = V3 is the puncture corresponding to the origin 1(73 = of the unit disk 
\wz\ < 1 of string 3. We may parametrize the interaction points vj and vj' on the i/-plane 
corresponding to pi and pi on the p-plane as uf = —y =F f with yGM, 0<?/<|. These 
are determined by j^i^^f) = 0. This yields 

where 5'j(z^|T) = ln'(9j(z/|r). The relation Re/)(z/^) = T leads to 



T = aln^-p . (C.7) 



^^4 













It follows from eqs. flC.6P and flC.7p that in the small T limit, T = e <C 1, the parameters 



r and y behave as follows [29] [31] : 

^ e^-^ ^ ^ . ' , . + 0(e3) , y ^ ^ - - cos (rr^) + 0{q^ . (C.8) 

Therefore we find that in this limit the moduli parameter —ir becomes infinity. For later 
use, we consider the behavior of r and y in the T — > 00 limit as well. In this limit, the 
moduli parameter r tends to 0. In fact, we have 

T + ro, ?/~ — + — rln— . (C.9) 

a T za ZTT 02 

Neumann coefficients 

The part — Trai < Im p < vrai of the boundary Re p = of the p-plane where the p-plane 
is attached to |-Bo)i corresponds to the side Rei/ = —\ of the rectangle on the i/-plane. 
The remaining part of the boundary of the p-plane where the p-plane is attached to |-Bo)2 
corresponds to the the other side Re = of the rectangle on the z/-plane. Therefore, on the 



^The Mandelstam mapping (jC.SP is essentially the same as the one in [29j. The rectangle on the i/-plane 
introduced here is the dual annulus of the rectangle on the M-plane considered in [29] . These are related by 
= I, where f = -i. See also [30][3T|[32]. 



29 



i/-plane the worldsheet variables X^(z/, u) satisfy the Neumann and the Dirichlet boundary 
conditions according to eq. fl2.ip on the two sides, Reu = —\ and Rez/ = 0, of the rectangle 
and the periodic boundary condition {v + r, z/ — r) = X^(z/, u) along the imaginary axis. 
It follows that the two-point functions of X^(z/, v) on the i^-plane become 

= - T]^^'^ In i9i {v-v'\r)- T]^^'^ In (u - u \ r) 

- D^^' In (z/ + I r) - D^^' In (z7 + z/' I r) + /^^^ (z/, z/; z/', z/') , (C. 10) 

where /^^^(z/, z/; z/', z/') are the terms necessary for the periodicity of the two-point functions 
^rectan. ^' y along the imaginary axis of the z/-plane, defined as 

//^^(z/, z/; z/', z/') = -r;'^^— (z/ - z/' - z/ + z/')' (C.ll) 

r 

for /X, A G N, and otherwise. In eq. (lC.10p . we have used the relation 



^9i(zy|r) = ^9i(z/|r) (C.12) 

for r G iM. 

The vertex (V^°(3);T| can be expressed as 

(V°(3);r| = 25(ai + «2 + «3)(2vrr+'C'(P3)/Ci(3;r)(V;V(3);^l ' (C-13) 
where (Vj°Lpp(3); T| is the LPP vertex, which is of the form 

oo ^ 

— 3\U|exp I "m,AfAf"n "m + ^^nm.AfAf "n "m 

_n,m=0 

and the remaining factor /Ci(3;T) is independent of the non-zero oscillation modes. 

The Neumann coefficients N^t,NMy ^nm,7VM, ^n^,NMy ^nt,NM are determined by the 
equation 
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where and u'^ are the points on the z/-plane corresponding to the points Ws and w'^ on the 
unit disk of string 3 respectively. We obtain 



^hh,NM ^ (p^aa,NMY = ^ I ^ I ^g-KsM-maC^O^ Q ,G'^A^ f^y j,- 

V^nra ) nm fy^ 2m Jy^ 2m 0,0,'^^ect.n\^,^,^,^) 

l^V_ ) nmL2mfy2m c>,c>,'L.,,,,,^Xu,iy,u ) 



1 f du 



2n Jy^ 2m 



1 f jrThh,NM I jrTha,NM , jrTah,NM , jrTaa,NM\ 



\ hm (G,^,Yan.(^, V^3, Va) + C3(^) + C3(^)) • (C.16) 



/Ci(3;T) 



The prefactor /Ci(3; T) can be determined through the method in [28] again. We excise small 
semi-circles around the interaction points u = uf and a small circle around the puncture 
= V3 on the z/-plane. This time, besides the contributions from these holes, we should 
include the moduli dependence of the partition function, and we find 



/Ci(3; T) oc |a| 



2' 



du 

where 77 (r) is the Dedekind eta function and c/ is defined by 

CI = ||(-7) • (C.I8) 

Thus we obtain 

(27i)'^e^ 

/Ci(3;r) = /C' o, (C.19) 

where /Cq is a numerical factor which cannot be determined by this method. The factor /Cq 
can be fixed by comparing the behaviors in the T — ^ 00 limit of the left and right hand sides 
of the following equation, 

(ild'2d'3(y3°(l,2,3)|i?o)f|i?o)^|0)3(27r)2^526^p^)^-(3)^(3) 

= j d'3 25(«i + «2 + a3)(27rr+'C(P3)/Ci(3;r) 

x(V;°LPp(3);T|0)3(27r)26526(p3),43)^{3) _ ^^^20) 
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By making use of eq. (lC.9p . we find that 



(27r) 



P+i 



25 



(C.21) 



C{pi) 



Let us consider the effect of the insertion of the ghost field C at the interaction point. In 
the same way as eq. (lB.20| ). this can be described by 

(^1,LPP(3);T| = {V,'LPpi^y,T\Cipr) 

oo 

= (^iVp(3);T|5^(M,,,,,„^7f + M,,,,,/„z7i^)) . (C.22) 

n=0 

The coefficients M^^^^^^^ and M^.^^^.^^^ can be determined through the LPP prescription by 
requiring that 



rf'3(Fi,LPp(3);T|C'(3)(^/;3,^3)|0)3(27r)2^52^(p3)^4'^vrf 



lni9i(z/7 - z/air) + ln'i9i(z/7 - z/glr) - ln^9i(z/7 + z/glr) - ln'i9i(z/7 + z/glr) (C.23) 

It follows that the coefficient of the zero mode 7o^'' = 7g^'* = tc^^ is 
M ^ -\- M " 

rectan.O ' rectan.O 



2 In 



^4 






^4 







and those of the non-zero modes are 

M ^ = (M "■]* = 

rectan.n V rectan.n/ „ 

n 

for n > 1. 



(C.24) 



(C.25) 



(^i(3);e| 

Collecting all the results obtained in the above, we eventually get the complete expression 
of the vertex (Vi(3);T|. Let us take T = e ^ limit. Again it is intuitively obvious and 
straightforward to show that 

(2vrri<^(p3)(V^iVp(3);e| ~ im , (C.26) 
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in the leading order. It follows that only the tTq from C{pi) survives the level matching 
projection and thus 

(27r)^+^C^(p3)(V^i,LPp(3); t\V, ~ ^(EqI-^'^Ps ■ (C.27) 



as 



Evaluating /Ci(3,e), we eventually get 



{¥,{?>)■ e| ~ -25{a, + + c.^ v!!}.^, , 3(^ol^4'^^3 • (C.28) 

One can treat the case ai, 02 < in the same way and show that eq. (lC.28[) also holds in 
this case. 

We would like to comment on the calculations in [17]. In [17], essentially a quantity such 

as 

j rf'lrf'2rf'3(l^3(l,2,3)|7rf)|5o)^i|i?o)^|5o)3 , (C.29) 

is calculated to express the BRST transformation of the solitonic operators in terms of the 
string fields expanded by the normalized boundary state. Here let us consider the situation 
aia2 > 0. This quantity can be calculated using either (V2(l,2);e| or (Vi(3);e| by taking 
overlaps with l-Bo)'''^^- Here let us devote our attention to the effect of the insertion of C(p/) 



in (V3(l,2,3)|. From eq. flB.25P we can see that with e small 



C{pi) - [ -vr^ + -4'^ ) • (C.30) 



On the other hand, from eq. (1C.27l) one can see that 



C{pi) ~ -4'^ . (C.31) 
as 



Therefore the effect of inserting C{pi) is a bit asymmetric among 1st, 2nd and 3rd strings 
depending on the sign of a^. These effects were overlooked in [T7] , and we took C (p/) 
instead of eq. (lC.3ip . to calculate eq. (lC.29p . With these effects taken into account, the results 
in [T7] are consistent with the ones here. 



^ Notice that one should not use eqs. (|R26l)((a28|) to calculate eq. ((a29| . Eqs. ((R26))((C?28)) hold in the 
leading order in e and we have O corrections. 
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